1. Introduction {#sec1-ijms-20-03644}
===============

Indomethacin (IMC) is a non-steroidal anti-inflammatory drug (NSAIDs) that is widely prescribed as therapy for inflammation, fever and pain. The Biopharmaceutical Classification System (BCS) lists indomethacin as a Class II drug, and the pK and logP of IMC are 4.5, 2.2, respectively. The IMC acts by blocking cyclooxygenase (COX), which is involved in the synthesis of prostaglandins from arachidonic acid. However, the inhibition of COX by the oral administration of IMC decreases defense functions in the gastrointestinal system and is associated with undesirable side effects involving gastroduodenal mucosal injury \[[@B1-ijms-20-03644],[@B2-ijms-20-03644],[@B3-ijms-20-03644]\]. In addition, it has been reported that the decreased defense function increased the direct stimulation by IMC in the gastrointestinal system, and that this stimulation was also related to the onset of gastroduodenal mucosal injury \[[@B4-ijms-20-03644],[@B5-ijms-20-03644]\]. One well-known method to avoid the problems associated with these side effects involves transdermal drug delivery (TDD).

Skin can be utilized as a route for drug delivery, and TDD offers many advantages over oral administration, such as the avoidance of gastroduodenal mucosal injury and the first pass effect. In addition, TDD provides for more control of plasma drug levels, low enzyme-dependent degradation, and reduces the frequency of drug application \[[@B6-ijms-20-03644]\]. On the other hand, the main disadvantage of TDD concerns the low permeability of skin, which limits drug penetration, and the major challenge of TDD is overcoming the stratum corneum (SC), which is a main barrier for drugs. Many studies have designed various methods to enhance TDD, such as drug incorporation into liposomes, incorporation of penetration enhancers, microneedles, transdermal patches, and microemulsions \[[@B7-ijms-20-03644],[@B8-ijms-20-03644],[@B9-ijms-20-03644],[@B10-ijms-20-03644],[@B11-ijms-20-03644]\]. In particular, nanotechnology is an evolving trend in TDD, and includes several forms, such as solid nanoparticles (SNPs), dendrimers, liposomes, lipid nanocarriers, polymeric nanoparticles, nanocrystals and nanoemulsions. These small size drugs allow them to adhere to the SC and enhance the drug penetration into the deeper layers of the skin, resulting in increased drug absorption \[[@B12-ijms-20-03644],[@B13-ijms-20-03644],[@B14-ijms-20-03644]\]. The authors also reported that SNPs of NSAIDs (IMC and ketoprofen) prepared by the mill treatment showed high rates of percutaneous absorption, and that energy-dependent endocytosis was related to the mechanism of skin penetration \[[@B15-ijms-20-03644],[@B16-ijms-20-03644]\]. In addition, the therapeutic effect on inflammation of transdermal formulations containing SNPs of ketoprofen and tranilast is greater as compared with traditional formulations (dissolution type, commercially available traditional formulations) \[[@B15-ijms-20-03644],[@B16-ijms-20-03644],[@B17-ijms-20-03644]\]. Furthermore, the authors found that over 100 nm-SNPs (\>100 nm) were inhibited in the SC, and only less than 100 nm SNPs (\<100 nm) can penetrate into the skin tissue via SC \[[@B15-ijms-20-03644],[@B16-ijms-20-03644],[@B17-ijms-20-03644],[@B18-ijms-20-03644],[@B19-ijms-20-03644]\]. Therefore, the achievement of SC-penetration by over 100 nm-SNPs may enhance the practical application of SNPs-based TDD.

Due to the excellent barrier function of the SC, the need for safe and effective enhancers to improve the transdermal absorption of drugs is well recognized \[[@B20-ijms-20-03644]\]. Further, l-menthol has been shown to increase skin absorption by altering the barrier properties of the SC \[[@B21-ijms-20-03644]\], and has acted as an enhancer of drug skin permeation. This study prepared transdermal formulations containing IMC SNPs (N-IMC gel) and transdermal formulations containing IMC SNPs and l-menthol (N-IMC/MT gel), and evaluated the stability of the N-IMC/MT gel. Moreover, the drug release, skin penetration and percutaneous absorption of the N-IMC/MT gel were also investigated.

2. Results {#sec2-ijms-20-03644}
==========

2.1. Evaluation of Transdermal Formulations Containing IMC SNPs and l-Menthol {#sec2dot1-ijms-20-03644}
-----------------------------------------------------------------------------

It is important to evaluate any changes in particle characterization by combination with l-menthol and by long-term storage. Therefore, this study compared the particle size frequencies, solubility, zeta potential and stability of IMC transdermal formulations with or without l-menthol ([Figure 1](#ijms-20-03644-f001){ref-type="fig"} and [Figure 2](#ijms-20-03644-f002){ref-type="fig"}), and investigated the changes in particle size frequencies and IMC content of the IMC transdermal formulations 30 days after preparation ([Figure 3](#ijms-20-03644-f003){ref-type="fig"}). The bead mill treatment led to a decrease in the particle size of IMC to a mean particle size of 104.6 ± 6.4 nm in the NANOSIGHT LM10 ([Figure 1](#ijms-20-03644-f001){ref-type="fig"}E). Moreover, the particle characterizations were not affected by a combination with l-menthol ([Figure 1](#ijms-20-03644-f001){ref-type="fig"}F). The particles were uniformly dispersed in the transdermal formulations containing IMC SNPs with (N-IMC/MT gel) or without l-menthol (N-IMC gel), and no drug degradation was observed after 30 days ([Figure 2](#ijms-20-03644-f002){ref-type="fig"}A and [Figure 3](#ijms-20-03644-f003){ref-type="fig"}D). The zeta potentials of the IMC transdermal formulations were approximately 18--21 mV ([Figure 2](#ijms-20-03644-f002){ref-type="fig"}C). Although, solubility was enhanced by the bead mill treatment, the ratio of solid particles to the dissolved form in both the N-IMC and N-IMC/MT gels was 98.6: 1.4 ([Figure 2](#ijms-20-03644-f002){ref-type="fig"}B). In addition, the nanoparticles in the N-IMC and N-IMC/MT gels did not aggregate or degrade for 30 days (mean particle size: N-IMC gel 109.8 ± 6.9 nm; N-IMC/MT gel 115.3 ± 7.1 nm), and the nanoparticle form in the N-IMC and N-IMC/MT gels was similar ([Figure 3](#ijms-20-03644-f003){ref-type="fig"}).

2.2. Behavior of IMC Release from IMC Transdermal Formulations with or without l-Menthol {#sec2dot2-ijms-20-03644}
----------------------------------------------------------------------------------------

[Figure 4](#ijms-20-03644-f004){ref-type="fig"} shows the drug release from the IMC transdermal formulations with or without l-menthol. The amount of drug that penetrated through a 20 µm pore membrane from the N-IMC gel was higher than the transdermal formulation (P-IMC gel) containing IMC solid microparticles (powder), and no difference was observed between the corresponding formulations with (P-IMC/MT gel) or without (P-IMC gel) l-menthol ([Figure 4](#ijms-20-03644-f004){ref-type="fig"}A--C). The drug release rate constant (*k*~r~) of P-IMC and P-IMC/MT gels were 0.23 ± 0.01/h and 0.23 ± 0.02/h, respectively. In addition, the *k*~r~ of N-IMC/MT gel (0.26 ± 0.02/h) was similar to N-IMC gel (*k*~r~, 0.27 ± 0.01/h). Although no particles appeared in the reservoir chamber treated with P-IMC and P-IMC/MT gels, approximately 80--500 nm IMC SNPs were detected in the reservoir chamber treated with N-IMC and N-IMC/MT gels ([Figure 4](#ijms-20-03644-f004){ref-type="fig"}D--F).

2.3. IMC Penetration into the Rat Skin when IMC Transdermal Formulations with or without l-Menthol Were Applied {#sec2dot3-ijms-20-03644}
---------------------------------------------------------------------------------------------------------------

[Figure 5](#ijms-20-03644-f005){ref-type="fig"}A,B show the profiles of skin penetration from IMC transdermal formulations with or without l-menthol at 37 °C (normal conditions), and [Table 1](#ijms-20-03644-t001){ref-type="table"} summarizes the pharmacokinetic parameters calculated from the data in [Figure 5](#ijms-20-03644-f005){ref-type="fig"}A. Skin penetration and the penetration rate (*J*~c~) for the N-IMC gel were significantly higher than the P-IMC gel, and the area under the IMC concentration-time curve of drug release of skin penetration (*AUC*~Skin~) was similar to the P-IMC/MT gel. On the other hand, skin penetration and *J*~c~ were remarkably enhanced by the combination of IMC SNPs and l-menthol, with *AUC*~Skin~ and *J*~c~ values for the N-IMC/MT gel 2.8-and 3.8-fold higher than the N-IMC gel, respectively. In contrast to the results for drug release ([Figure 4](#ijms-20-03644-f004){ref-type="fig"}), no IMC SNPs were detected in the reservoir chamber treated with any of the four transdermal formulations by NANOSIGHT LM10. The authors then measured the effect of the energy-dependent uptake on the skin penetration of N-IMC/MT gel using low temperature (4 °C) conditions \[[@B22-ijms-20-03644]\], where all energy-dependent endocytosis was prevented ([Figure 5](#ijms-20-03644-f005){ref-type="fig"}C,D). For the P-IMC and P-IMC/MT gels, no significant difference was observed in the corresponding *AUC*~Skin~ values between the 4 °C and 37 °C conditions. In contrast, the skin penetration of the IMC SNPs was attenuated under low temperature (4 °C) conditions as compared with 37 °C conditions. However, the enhancing effect on skin penetration by l-menthol was maintained, and the *AUC*~Skin~ for the P-IMC/MT gel was 2.5-fold higher than the P-IMC gel. [Figure 6](#ijms-20-03644-f006){ref-type="fig"} shows the percutaneous absorption for IMC transdermal formulations with or without l-menthol, and [Table 2](#ijms-20-03644-t002){ref-type="table"} summarizes the pharmacokinetic parameters analyzed from the data in [Figure 6](#ijms-20-03644-f006){ref-type="fig"}. The area under the IMC concentration-time curve of the drug release of percutaneous absorption (*AUC*~Plasma~) and apparent absorption rate constant (*k*~a~) values were also enhanced by pulverization and the addition of l-menthol in the in vivo study, and the parameters for the N-IMC gel were significantly higher than for the P-IMC gel. In addition, the *AUC*~Plasma~ and *k*~a~ values for the N-IMC/MT gel were 2.0-and 2.4-fold higher than the N-IMC gel.

3. Discussion {#sec3-ijms-20-03644}
=============

The IMC transdermal formulations are useful as therapy for inflammation and pain, since TDD avoids serious adverse effects, such as gastrointestinal injury. However, the SC plays a role as a biologic protector against the entrance of foreign substances into the body, and it is difficult to deliver drugs into the blood through the skin. A variety of strategies are available to overcome low skin permeability, and pro-drugs, iontophoresis, magnetophoresis, needleless injection, sonophoresis, microporation, electroporation, colloidal formulations, and chemical permeation enhancers have been introduced in previous studies \[[@B23-ijms-20-03644],[@B24-ijms-20-03644],[@B25-ijms-20-03644],[@B26-ijms-20-03644]\]. In particular, the reduction of drug particle sizes to the nano-order prompts a dramatic increase in cellular uptake and skin penetration \[[@B12-ijms-20-03644],[@B13-ijms-20-03644],[@B14-ijms-20-03644]\]. Our previous studies using NSAIDs (ketoprofen) also showed that the percutaneous absorption of drug SNPs-based transdermal formulations was higher than traditional formulations \[[@B15-ijms-20-03644],[@B16-ijms-20-03644],[@B17-ijms-20-03644]\]. This study aimed to increase the skin penetration of drug SNPs-based transdermal formulations, and investigated whether the combination with l-menthol can enhance the skin penetration and drug absorption of the N-IMC gel.

First, SNPs-based TDD of IMC with l-menthol (N-IMC/MT gel) was prepared, and its stability was evaluated. Almost all the IMC was present in a solid condition in the transdermal formulations, and the mean particle sizes in the N-IMC and N-IMC/MT gels was 104.6 ± 6.4 nm and 109.1 ± 6.9 nm, respectively ([Figure 1](#ijms-20-03644-f001){ref-type="fig"}C--H). Moreover, the SNPs-based transdermal formulations with or without l-menthol showed high drug homogeneity ([Figure 2](#ijms-20-03644-f002){ref-type="fig"}A), and the zeta potentials of the SNPs-based transdermal formulations with or without l-menthol were approximately −10.7 ([Figure 2](#ijms-20-03644-f002){ref-type="fig"}C). In addition, the particle size, shape, and drug contents of both the N-IMC and N-IMC/MT gels did not change after storage for 1 month ([Figure 3](#ijms-20-03644-f003){ref-type="fig"}D). It has previously been reported that SNPs with diameters in the range of 60--100 nm were optimal for the cellular uptake process and skin penetration \[[@B27-ijms-20-03644],[@B28-ijms-20-03644],[@B29-ijms-20-03644]\]. Based on the results showing that acombination with l-menthol does not affect the stability of SNPs-based transdermal formulations, and that almost half of the SNPs in the SNPs-based transdermal formulations (N-IMC and N-IMC/MT gels) designed in this study are suitable for a transdermal delivery system (i.e., \<100 nm), the formulations may be suitable candidates for therapeutic use.

This study used the Franz diffusion cell to demonstrate the release of IMC particles from the IMC transdermal formulations. SNPs were observed in the IMC released from both the N-IMC and N-IMC/MT gels with similar IMC amounts, particle size frequencies, and particle numbers ([Figure 4](#ijms-20-03644-f004){ref-type="fig"}). These results show that IMC is released from the N-IMC and N-IMC/MT gels as both of SNPs and in a dissolved form, and that the combination with l-menthol does not affect drug release.

Next, the effect of l-menthol on the skin penetration of the SNPs-based transdermal formulations was demonstrated. The skin comprises outer (epidermis), middle (dermis), and inner (subcutaneous tissue) layers, and the epidermis is divided into the SC (non-viable epidermis, which is hydrophobic) and the viable epidermis (hydrophilic). The thickness of the dermis is approximately 0.5--3 mm, and contains nerve endings, sweat glands, lymph vessels, and blood vessels. The subcutaneous tissue in the innermost layer relates to physical protection, nutritional support and temperature regulation \[[@B30-ijms-20-03644],[@B31-ijms-20-03644],[@B32-ijms-20-03644]\]. In terms of the skin penetration of drugs, it is known that it is difficult for hydrophilic drugs to penetrate through the SC, since the SC is hydrophobic. Although the SC acts as a barrier for hydrophilic drugs, small amounts of hydrophilic drugs can penetrate through the SC. However, the penetrating hydrophilic drugs show limited ability to permeate through the hydrophilic viable epidermis \[[@B30-ijms-20-03644],[@B31-ijms-20-03644],[@B32-ijms-20-03644]\]. Therefore, TDDs require careful design to allow for the skin penetration of drugs. For TDDs containing SNPs, our previous studies using ketoprofen, tranilast, indomethacin, ibuprofen and raloxifene demonstrated that SNPs with particle sizes under 100 nm penetrated into the SC \[[@B15-ijms-20-03644],[@B16-ijms-20-03644],[@B17-ijms-20-03644],[@B18-ijms-20-03644],[@B19-ijms-20-03644],[@B33-ijms-20-03644]\]. Furthermore, these SNPs permeate by energy-dependent endocytosis and the drugs that are dissolved in this process are delivered into the systemic circulation \[[@B15-ijms-20-03644]\]. The particles in the N-IMC gel were approximately 50--200 nm in size, and skin penetration of IMC was observed by application of the N-IMC gel, and the skin penetration of N-IMC gel was higher in comparison with the P-IMC gel consisting of IMC microparticles ([Figure 5](#ijms-20-03644-f005){ref-type="fig"}A,B). On the other hand, the skin penetration was attenuated under low temperature (4 °C) conditions \[[@B22-ijms-20-03644]\] at which the function of all energy-dependent uptake, including endocytosis, is inhibited in cells ([Figure 5](#ijms-20-03644-f005){ref-type="fig"}C,D). In addition, no IMC nanoparticles were detected in the reservoir chamber treated with N-IMC or N-IMC/MT gels. These results using the N-IMC gel support previous studies using ketoprofen, tranilast, indomethacin, ibuprofen and raloxifene \[[@B15-ijms-20-03644],[@B16-ijms-20-03644],[@B17-ijms-20-03644],[@B18-ijms-20-03644],[@B19-ijms-20-03644],[@B33-ijms-20-03644]\]. On the other hand, the combination with l-menthol enhanced the IMC skin penetration rate (*J*~c~ and *k*~a~) of the N-IMC/MT gel ([Table 1](#ijms-20-03644-t001){ref-type="table"} and [Table 2](#ijms-20-03644-t002){ref-type="table"}), and the *AUC*~Skin~ of the N-IMC/MT gel was 2.5-fold higher than the N-IMC gel ([Figure 5](#ijms-20-03644-f005){ref-type="fig"}D). Moreover, the *AUC*~Plasma~ of the N-IMC/MT gel was also higher than N-IMC, and the difference between the N-IMC and N-IMC/MT gels was significantly higher than that between the corresponding P-IMC-based transdermal formulations ([Figure 5](#ijms-20-03644-f005){ref-type="fig"}). Kaplun-Frischoff and Touitou \[[@B21-ijms-20-03644]\] reported that l-menthol spreads the cell gap in SC, and enhances skin absorption via alterations in the barrier properties of the SC. In addition, the skin penetration of N-IMC/MT gel was higher than the N-IMC gel, although skin penetration was attenuated under the low temperature conditions ([Figure 5](#ijms-20-03644-f005){ref-type="fig"}C,D). Taken together, it was hypothesized that l-menthol decreases the barrier function of the SC, and this alteration allows easy penetration of the N-IMC gel to penetrate more easily through the SC. The penetrated IMC SNPs may be taken up into the cells (viable epidermis) by energy-dependent endocytosis, and may shift to the dermis and subcutaneous tissue layers. During this process, the N-IMC gel is dissolved, and delivered into the blood circulation, resulting in the increase in percutaneous absorption ([Figure 7](#ijms-20-03644-f007){ref-type="fig"}).

Further studies are necessary to clarify the dissolution mechanism of IMC SNPs in the percutaneous absorption process. In addition, it is necessary to elucidate the kind of energy-dependent endocytosis that is involved in skin penetration during IMC SNPs-based transdermal penetration. Therefore, the authors are investigating the effect of energy-dependent endocytosis on the dissolution of the N-IMC gel using endocytosis selected inhibitors, such as nystatin (caveolae-mediated endocytosis inhibitor), dynasore (clathrin-mediated endocytosis inhibitor), rottlerin (macropinocytosis inhibitor), and cytochalasin D (phagocytosis inhibitor) \[[@B34-ijms-20-03644],[@B35-ijms-20-03644],[@B36-ijms-20-03644]\].

4. Materials and Methods {#sec4-ijms-20-03644}
========================

4.1. Animals and Reagents {#sec4dot1-ijms-20-03644}
-------------------------

The IMC and l-menthol were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Further, 2-hydroxypropyl-β-cyclodextrin (HPβCD) and methylcellulose (MC) were purchased from Nihon Shokuhin Kako Co., Ltd. (Tokyo, Japan) and Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan), respectively. The membranes (polycarbonate track etched membrane) for the evaluation of drug release (pore size 20 µm) were obtained from GVS Japan (Tokyo, Japan), and carboxypolymethylene (Carbopol^®^ 934) was provided by Serva (Heidelberg, Germany). The seven-week-old Wistar rats (Kiwa Laboratory Animals Co., Ltd., Wakayama, Japan) were used in this study, and experiments were carried out in accordance with the Guidelines for the Care and Use of Laboratory Animals of both the Japanese Pharmacological Society and Kindai University (identification code KAPS-25-002, 1 April 2013).

4.2. Design of IMC SNPs-based Transdermal Formulations with or without l-Menthol {#sec4dot2-ijms-20-03644}
--------------------------------------------------------------------------------

Drug SNPs were prepared according to our previous reports \[[@B15-ijms-20-03644],[@B17-ijms-20-03644],[@B19-ijms-20-03644]\]. Briefly, IMC powder was dispersed in distilled water containing 5% HPβCD and 0.5% MC was selected as additives to prevent aggregation and enhance the mill power, respectively for 3 h at 22 °C. The dispersions were treated by the bead mill method using Bead Smash 12 (Wakenyaku Co. Ltd., Kyoto, Japan) for 30 times (3000 rpm, 30 s, 4 °C), and the pH of each formulations are adjusted to 7. In preparation of IMC transdermal formulations containing 2% menthol, the menthol was added to the milled IMC dispersion, then stirred and sonicated for 1 h. After that, the IMC dispersions with or without menthol were gelled by carbopol dissolved in distilled water at 22 °C (with menthol, N-IMC/MT gel; without menthol, N-IMC gel). The transdermal formulations containing IMC microparticles were prepared by the following method. The 1% IMC powder was mixed with 5% HPβCD 0.5% MC, and/or 2% menthol, and dispersed in distilled water, and stirred for 1 h. The dispersions were gelled by carbopol dissolved in distilled water at 22 °C (with menthol, P-IMC/MT gel; without menthol, P-IMC gel). The P-IMC and P-IMC/MC gels were used to compare the IMC SNPs-based transdermal formulations. The viscosity in these P-IMC, P-IMC/MT, N-IMC and P-IMC/MC gels were similar, and the values were approximately 12--16 Pa∙s.

4.3. Particle Characteristics of the IMC Transdermal Formulations {#sec4dot3-ijms-20-03644}
-----------------------------------------------------------------

The particle size and number of IMC SNPs were measured by a NANOSIGHT LM10 (QuantumDesign Japan, Tokyo, Japan) as follows: Viscosity 1.27 mPa∙s; wavelength 405 nm (blue); time 60 s. The atomic force microscope (AFM) images of the SNPs were evaluated using a SPM (scanning probe microscope)-9700 (Shimadzu Corp., Kyoto, Japan). The zeta potential of the IMC particles in the gels were measured using a Zeta Potential Meter Model 502 (Nihon Rufuto Co., Ltd., Tokyo, Japan). In this study, the IMC transdermal formulations were divided into 10 parts, and the dispersity of each part was analyzed for IMC content to evaluate the homogeneity in the IMC transdermal formulations.

4.4. Measurement of IMC {#sec4dot4-ijms-20-03644}
-----------------------

The IMC concentrations were measured by a Shimadzu LC-20AT system equipped with a column oven CTO-20A (Shimadzu Corp., Kyoto, Japan). Propyl p-hydroxybenzoate was selected as the internal standard, and an Inertsil^®^ODS-3 column (3 µm) was used (GL Science Co. Inc., Tokyo, Japan). Other conditions were as follows: Column temperature, 35 °C; flow rate, 0.25 mL/min; mobile phase, acetonitrile/50 mM acetic acid (40/60, *v*/*v*); wavelength for detection, 254 nm.

4.5. Evaluation of Drug Release from IMC Transdermal Formulations {#sec4dot5-ijms-20-03644}
-----------------------------------------------------------------

A Franz diffusion cell with 20 µm pore membranes was used to measure drug release from IMC transdermal formulations according to the previous studies \[[@B15-ijms-20-03644],[@B17-ijms-20-03644],[@B19-ijms-20-03644]\]. The formulation samples (0.3 g) were applied on the membrane surface in the donor compartment, and the reservoir chamber was filled by 0.85% NaCl-10 mM phosphate buffer (pH 7.4). The diffusion cells were thermoregulated in a water bath at 37 °C for 24 h. One hundred microliter aliquots of sample solution were withdrawn from the reservoir chamber (reservoir volume 12.2 mL). The area under the IMC concentration-time curve (*AUC*~Release~) was calculated by the trapezoidal rule up to the last measurement point (24 h), and the drug release rate constant (*k*r/h) was analyzed according to Equation (1):$$C_{t} = C_{\infty} \cdot \left( {1 - e^{- k_{r} \cdot t}} \right)$$ where *t* is time (0--24 h), and *C*~∞~ and *C*~t~ are the IMC concentration at time ∞ and *t*, respectively.

4.6. Evaluation of Skin Penetration of IMC Transdermal Formulations {#sec4dot6-ijms-20-03644}
-------------------------------------------------------------------

A Franz diffusion cell fitted with abdominal rat skin instead of a filter was used according to our previous study \[[@B15-ijms-20-03644]\]. On the day before the experiment, the hair on the abdominal area of 7 week-old Wistar rats was carefully removed with an electric clipper and electric razor. The following day, pieces (3 cm × 3 cm area) of full-thickness abdominal skin were excised from the rats, and the adherent fat and other visceral debris were removed from the undersurface. The dermal side of the full-thickness skin (approximately 1 mm) was soaked in a buffer (0.85% NaCl-10 mM phosphate buffer, pH 7.4) for 12 h at 4 °C to equilibrate the skin. The transdermal formulations containing 0.3 g IMC were spread uniformly over the abdominal rat skin (effective area of the skin, *A*, 2 cm^2^), and the samples (100 µL) were withdrawn from the reservoir chamber filled the 0.85% NaCl-10 mM phosphate buffer (pH 7.4) over time. The samples were analyzed for drug concentration, particle size and number as described above. In addition, pharmacokinetic parameters (the penetration rate, *J*~c~; the skin/preparation partition coefficient, *K*~m~; the penetration coefficient through the skin, *K*~p~; the diffusion constant within the skin, *D*; *t*~lag~, lag time; the thickness of the skin, *δ*(0.071 cm); the amount of IMC (*C*~IMC~) in the reservoir solution at time *t*, *Q*~t~) were calculated according to Equations (2)--(4):$$t_{lag} = \frac{\delta^{2}}{6D}$$ $$J_{c} = \frac{K_{m} \cdot D \cdot C_{IND}}{\delta} = K_{p} \cdot C_{IND}$$ $$Q_{t} = J_{c} \cdot A \cdot \left( {t - t_{lag}} \right)$$

The *AUC*~Skin~ was estimated by the trapezoidal rule up to the last measurement point (24 h).

4.7. Evaluation of Percutaneous Absorption from IMC Transdermal Formulations {#sec4dot7-ijms-20-03644}
----------------------------------------------------------------------------

The abdominal skin of rats was shaved with an electric-clipper and razor, and 0.3 g of a IMC transdermal formulation was applied uniformly over the effective area (2 cm^2^). After application, blood (200 µL) was collected from the right jugular vein for the measurement of plasma IMC concentrations by the HPLC method described above. The *AUC*~Plasma~ was analyzed by the trapezoidal rule up to the last measurement point (24 h), and the pharmacokinetics parameters (the elimination rate constant, *k*~e~; the distribution volume, *V*~d~; the apparent absorption rate constant, *k*~a~; *C*~IMC~, the IMC concentration; *D*, the dose of IMC; time, *t* (0--24 h); the lag time (h), *t*~lag~; the fraction of IMC absorbed, *F*) were calculated according to Equations (5) and (6):$$C_{IND} = C_{0} \cdot e^{- K_{c} \cdot t}$$ $$C_{IND} = \frac{K_{a} \cdot F \cdot D}{V_{d} \cdot \left( {K_{a} - K_{e}} \right)} \cdot \left( {e^{- K_{e} \cdot {({t - t_{lag}})}} + e^{- K_{a} \cdot {({t - t_{lag}})}}} \right)$$

The *k*~e~ and *V*~d~ were analyzed by Equation (5), and the IMC concentration in the plasma after a single injection of 0.3 mL of IMC solution (200 µg/kg) into the femoral vein was used. The *C*~0~ (initial concentration of IMC in the plasma), *k*~e~, and *V*~d~ were 2.68 ± 0.13 µg/mL, 0.05 ± 0.07 h^−1^, and 52.1 ± 1.98 mL/kg, respectively (*n* = 5). The *k*~a~ and *F* in the percutaneous absorption experiment were estimated by Equation (6).

4.8. Characterization of IMC {#sec4dot8-ijms-20-03644}
----------------------------

The IMC with or without bead mill treatment were lyophilized, and the morphology was characterized by using a powder X-ray diffraction (XRD) method. The XRD analysis was performed using a Mini Flex II (Rigaku, Co., Tokyo, Japan) instrument with a Cu-Kα target. The x-rays were done at 30 kV and 15 mA. The data were obtained from 5° to 90° diffraction angles with a scanning rate of 10°/min. The morphology of IMC was no different with or without bead mill treatment (supplemental data).

4.9. Statistical Analysis {#sec4dot9-ijms-20-03644}
-------------------------

The data in SALD-7100 are expressed as the mean ± standard error of the mean. The student's *t*-test and Dunnett's multiple comparison were used for analysis of two and multiple groups, respectively. A minimum *p* value of 0.05 (*p* \< 0.05) was chosen as the significance level.

5. Conclusions {#sec5-ijms-20-03644}
==============

This study designed transdermal formulations containing IMC SNPs and l-menthol, and the IMC particle size of SNPs-based transdermal formulations were approximately 50--200 nm, and the IMC SNPs remained 1 month after preparation. Moreover, it was found that the skin penetration of 50--200 nm IMC was low, although, the combination with l-menthol enhanced the skin penetration of IMC SNPs with 50--200 nm particles. It is possible that the barrier function of the SC decreased by l-menthol, and that this change led to the enhanced permeation of IMC SNPs. Moreover, the energy-dependent endocytosis in the skin tissue is related to the skin penetration of IMC SNPs ([Figure 7](#ijms-20-03644-f007){ref-type="fig"}). These findings suggest that solid nanoparticles in combination with l-menthol are useful for transdermal delivery of IMC, and the SNPs-based formulation may represent a novel transdermal therapeutic system for the management of inflammation.
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N-IMC gel

transdermal formulations containing indomethacin solid nanoparticles

J

c

penetration rate

k

a

apparent absorption rate constant

k

e

elimination rate constant

K

m

skin/preparation partition coefficient

K

p

penetration coefficient through the skin

k

r

drug release rate constant

MC

methylcellulose

P-IMC/MT gel

transdermal formulations containing indomethacin solid microparticles and l-menthol

N-IMC/MT gel

transdermal formulations containing indomethacin solid nanoparticles and l-menthol

NSAIDs

non-steroidal anti-inflammatory drug

SC

stratum corneum

SNPs

solid nanoparticles

TDD

transdermal drug delivery

t

lag

lag time

XRD

powder X-ray diffraction

![Particle analysis of N-IMC and N-IMC/MT gels immediately after the bead mill treatment. (**A**) and (**B**); the particle size frequencies in transdermal formulations containing indomethacin (IMC) powder (P-IMC, **A**) and transdermal formulations containing IMC powder and l-menthol (P-IMC/MT, **B**) gels by SALD-7100. (**C** and **D**); the particle size frequencies of N-IMC (**C**) and N-IMC/MT (**D**) gels by SALD-7100. (**E** and **F**); the particle size frequencies of N-IMC (**E**) and N-IMC/MT (**F**) gels by NANOSIGHT LM10. (**G** and **H**); atomic force microscope (AFM) images of N-IMC (**G**) and N-IMC/MT (**H**) gels by SPM-9700. The particle size of IMC was decreased to approximately 50--200 nm, and no differences were observed in the particle characterizations between the N-IMC and N-IMC/MT gels.](ijms-20-03644-g001){#ijms-20-03644-f001}

![The stability and particle characterization of N-IMC and N-IMC/MT gels. (**A**); the dispersity in the base of IMC transdermal formulations. (**B**); the solubility of IMC in transdermal formulations. (**C**); the zeta potential of IMC in transdermal formulations. *n* = 6--8. \* *p* \< 0.05 vs. P-IMC gel for each category. ^\#^ *p* \< 0.05 vs. P-IMC/MT gel for each category. ^\$^ *p* \< 0.05 vs. N-IMC gel for each category. Almost all IMC was in the solid state in the IMC transdermal formulations (ratio, solid form: solution form = 98.6: 1.4), and the drug homogeneity (dispersity, standard error) in the solid nanoparticles (SNPs)-based transdermal formulations was higher than in the microparticles-based transdermal formulations. The zeta potentials of the IMC transdermal formulations with or without l-menthol were similar, and the IMC contents in the microparticles-and SNPs-based transdermal formulations did not change for 1 month.](ijms-20-03644-g002){#ijms-20-03644-f002}

![Particle analysis of N-IMC and N-IMC/MT gels 1 month after preparation. (**A** and **B**); Particle size frequencies in N-IMC (**A**) and N-IMC/MT (**B**) gels immediately (blue) and 1 month (green) after preparation. (**C**); the number of SNPs in IMC transdermal formulations. (**D**); the changes in IMC content in the transdermal formulations. **E** and **F**; AFM images of SNPs in N-IMC (**E**) and N-IMC/MT (**F**) gels. *n* = 6--10. The IMC particle size of SNPs-based transdermal formulations were not changed 1 month after preparation, and the particle sizes in the N-IMC and N-IMC/MT gels were 109.8 ± 6.9 nm and 115.3 ± 7.1 nm, respectively.](ijms-20-03644-g003){#ijms-20-03644-f003}

![IMC release from the transdermal formulations through 20 µm pore membranes. (**A**); the drug release from the P-IMC and P-IMC/MT gels through the membranes. (**B**); the drug release from the N-IMC and N-IMC/MT gels through the membranes. (**C**); the area under the IMC concentration-time curve of drug release (*AUC*~Release~) for the IMC transdermal formulations. (**D**); the number of IMC SNPs released from the transdermal formulations 24 h after application. (**E**) and (**F**); the size frequencies of IMC released from the N-IMC (**E**) and N-IMC/MT (**F**) gels 24 h after application. These samples were collected in the reservoir chamber. *n* = 7. \* *p* \< 0.05 vs. P-IMC gel for each category. ^\#^ *p* \< 0.05 vs. P-IMC/MT gel for each category. ^\$^ *p* \< 0.05 vs. N-IMC gel for each category. The combination with l-menthol did not affect drug release from the IMC transdermal formulations, and the IMC released from the N-IMC and N-IMC/MT gels was in the SNPs state (mean particle size, N-IMC gel 191.4 nm, N-IMC/MT gel 184.9 nm).](ijms-20-03644-g004){#ijms-20-03644-f004}

![In vitro skin penetration of IMC transdermal formulations. (**A** and **B**); penetration (**A**) and *AUC*~Skin~ (**B**) for the IMC transdermal formulations through rat skin under normal conditions (37 °C). (**C** and **D**); penetration (**C**) and *AUC*~Skin~ (**D**) for the IMC transdermal formulations through rat skin under low temperature conditions (4 °C). *n* = 6--8. \* *p* \< 0.05 vs. P-IMC gel for each category. ^\#^ *p* \< 0.05 versus P-IMC/MT gel for each category. ^\$^ *p* \< 0.05 vs. N-IMC gel for each category. The combination with l-menthol enhanced the skin penetration of IMC from both the microparticles-and SNPs-based transdermal formulations, and the *AUC*~skin~ values for the N-IMC and N-IMC/MT gels were 2.9 and 2.6-fold higher in comparison with the corresponding microparticles-based transdermal formulations, respectively. Although skin penetration from the P-IMC/MT gel did not differ significantly between 4 °C and 37 °C, the skin penetration from the N-IMC/MT gel was remarkably attenuated at 4 °C.](ijms-20-03644-g005){#ijms-20-03644-f005}

![The percutaneous absorption of IMC transdermal formulations. (**A**) Transdermal penetration for the IMC transdermal formulations. (**B**) *AUC*~Plasma~ values for the IMC transdermal formulations. *n* = 6--7. \* *p* \< 0.05 vs. P-IMC gel for each category. ^\#^ *p* \< 0.05 vs. P-IMC/MT gel for each category. ^\$^ *p* \< 0.05 vs. N-IMC gel for each category. The difference between the N-IMC and N-IMC/MT gels was significantly higher than that of the corresponding microparticles-based transdermal formulations, and the *AUC*~Plasma~ for the N-IMC/MT gel was 2-fold higher than for the N-IMC gel.](ijms-20-03644-g006){#ijms-20-03644-f006}

![The mechanism for the percutaneous absorption process by the combination of IMC SNPs and l-menthol.](ijms-20-03644-g007){#ijms-20-03644-f007}

ijms-20-03644-t001_Table 1

###### 

Pharmacokinetic analysis of IMC transdermal formulations in in vitro skin penetration.

  -------------------------------------------------------------------------------------------------------------------------------------------
  Formulation    *J~c~*\                  *K*~p~\                  *K~m~*\                  *τ*\                     *D*\
                 (nmol/cm^2^/h)           (×10^−4^ cm/h)           (×10^−2^)                (h)                      (×10^−4^ cm^2^/h)
  -------------- ------------------------ ------------------------ ------------------------ ------------------------ ------------------------
  P-IMC gel      18.6 ± 1.8 ^\#,\$^       0.66 ± 0.06 ^\#,\$^      0.92 ± 0.09 ^\#,\$^      1.65 ± 0.03 ^\#,\$^      5.10 ± 0.11^\#,\$^

  P-IMC/MT gel   43.1 ± 3.1 \*            1.52 ± 0.11 \*           2.68 ± 0.28 \*           2.03 ± 0.07 \*           4.10 ± 0.11 \*

  N-IMC gel      41.6 ± 4.6 \*            1.49 ± 0.17 \*           2.51 ± 0.22 \*           2.00 ± 0.06 \*           4.20 ± 0.12 \*

  N-IMC/MT gel   158.1 ± 4.2 \*^,\#,\$^   5.65 ± 0.15 \*^,\#,\$^   10.8 ± 0.29 \*^,\#,\$^   2.27 ± 0.02 \*^,\#,\$^   3.71 ± 0.04 \*^,\#,\$^
  -------------------------------------------------------------------------------------------------------------------------------------------

The experiments were performed at 37 °C. *n* = 6--8. \* *p* \< 0.05 vs. P-IMC gel for each category. ^\#^ *p* \< 0.05 vs. P-IMC gel for each category. ^\$^ *p* \< 0.05 vs. N-IMC gel for each category.

ijms-20-03644-t002_Table 2

###### 

Pharmacokinetic analysis of percutaneous absorption of the IMC transdermal formulations.

  Parameter        P-IMC Gel             P-IMC/MT Gel     N-IMC Gel        N-IMC/MT Gel
  ---------------- --------------------- ---------------- ---------------- ------------------------
  *k~a~* (h^−1^)   0.18 ± 0.06 ^\#,\$^   0.37 ± 0.05 \*   0.34 ± 0.04 \*   0.83 ± 0.03 \*^,\#,\$^
  *F* (×10^−3^)    0.14 ± 0.03           0.16 ± 0.02      0.15 ± 0.02      0.21 ± 0.01 \*^,\#,\$^

The elimination rate constant (*k*~e~) was 0.05 ± 0.07 h^−1^. *n* = 6--7. \* *p* \< 0.05 vs. P-IMC gel for each category. ^\#^ *p* \< 0.05 vs. P-IMC/MT gel for each category. ^\$^ *p* \< 0.05 vs. N-IMC gel for each category.
